u-A computer-assisted neurosurgical navigational system has been developed which displays intraoperative manipulation on the preoperative computerized tomography (CT) scans or magnetic resonance (MR) images. The system consists of a three-dimensional digitizer, a personal computer, and an image-processing unit. Utilizing recently developed magnetic field modulation technology, the three-dimensional digitizer determines the spatial position and orientation angles of the resin probe, triangle-shaped pointer, or suction tube with a small attached magnetic field sensor. Four fiducial markers on the scalp were used to translate the spatial data of the probe onto the preoperative CT scans or MR images of the patient With this frameless, armless navigational system, CT or MR-imaging stereotaxy can be applied to conventional open neurosurgery without limiting the operative field or interfering with the surgical procedures.
R
ECENT progress in computer and imaging technology has not only provided neurosurgeons with improved methods for diagnosis, such as computerized tomography (CT) and magnetic resonance (MR) imaging, but also has opened up new avenues for investigation of ancillary instrumentation for surgical procedures, Various types of apparatus have been developed to make available precise spatial information of CT or MR images for the actual operative procedure. At first, conventional stereotaxic frame systems were modified to accept CT or MR images, 5'6'~ which enabled the tomographic image-based stereotactic approach to be used for intracranial lesions. More recently, several neurosurgical navigational systems have been designed 4,9.~~ to identify the surgical field on preoperative CT or MR images. However, the headframes or arms used for three-dimensional (3-D) positioning in these systems limit the choice of surgical approaches or restrict the surgical field. We describe here a new system that uses a magnetic field, instead of a frame or arm, for spatial position determination in order to display dynamically surgical manipulation on the preoperative CT scans or MR images.
System Design and Technique

System Design
Our computer-assisted neurosurgical navigational system (CANS navigator) consists of a 3-D digitizer, a lap-top personal computer, and an image-processing unit board* (Fig. 1) . The 3-D digitizer utilizes a lowfrequency magnetic field to detect the 3-D coordinates (x, y, z) and the three orientation angles (azimuth, elevation, roll) of the small magnetic field sensor (2.5 x 2.0 • 1.5 cm) with respect to the magnetic field source reference frame. The sensor is mounted on resin instruments such as a triangle-shaped pointer or a suc-* Image-processing unit board Warp-Vision manufactured by Mitani-Shouji, Fukui, Japan; 3-D digitizer, 3SPACE Isotrak, manufactured by Polhemus Navigation Sciences, Colchester, Vermont.
FIG. 1.
Block diagram of the system. The computerized tomography scans (CT) or magnetic resonance images (MRI) were entered into the system as digital data and displayed on the color monitor. The spatial information of the probe in the operative field was sampled with a magnetic field sensor and was translated by the computer to display a cursor on the corresponding location of the images. CRT = cathode ray tube. tion tube (Fig. 2) . These probes are used to detect the point of manipulation in the operative field. The position of the probe tip (X, Y, Z) with respect to the magnetic source reference frame (O: X, Y, Z) is calculated using following equation ( 
Surgical Setup
Prior to CT or MR imaging, four points on the patient's head are selected and marked with permanent ink. These points are used for calibration of the patient's head position. Crossed plastic tubes filled with enhancement material are fixed on these points. Then CT or MR imaging is performed while the patient's head is fixed. The slice thickness is 5 mm. The set of consecutive tomographic images are transferred to this system via a charge-coupled device (CCD) television camera or floppy disks. To give the coordinates for the anatomical brain structures on the tomographic images, the CT or MR imaging reference frame is calibrated assuming the tomographic slice of 0 mm position as the x-y plane, and the direction of slice position increment as the z axis. In this system, a maximum of 24 tomographic images are stored for one patient and of these a set of six consecutive images can be displayed on the screen at one time by automatic switching of the frame memory. Since 24 consecutive tomographic images cover a 12-cm segment of the brain and operative field, this number is usually sufficient for ordinary surgical use. The positions of the scalp markers on the monitor are read with a "mouse" pointing device with respect to the CT or MR imaging reference frame and are stored into the system. The z coordinate of the scalp marker (the distance from the x-y plane) is determined with correction of the slice level difference.
In the operating room, the patient's head is fixed with a Mayfield skull clamp, to which the magnetic field source is attached by means of a resin adapter (Fig. 2) . The patient's head position is then calibrated on the system as follows. The positions of the fiducial scalp markers with respect to the magnetic source reference frame are measured by pointing to each successively with the probe. Since the coordinates of those markers with respect to the CT or MR imaging reference frame are known, the operational determinant converting the coordinates from the magnetic source reference frame to the CT or MR imaging reference frame is determined based on a linear transformation of the coordinate system. The present navigational system calculates the position and orientation angles of the probe tip every 30th second at most.
Evaluation of the System's Accuracy
To evaluate the accuracy of this system, a 3-D frame model was made using acrylic resin plates. It consisted of a horizontal plate with a lattice of lines spaced at 5-mm intervals on it, and a vertical plate on which the Frameless, armless neurosurgical navigator 
Right:
The magnetic sensor mounted on the suction tube is seen in the surgeon's left hand (arrow). The anterior cerebral arteries were easily found with the aid of the navigator and were carefully dissected. The tumor was totally removed without neurological deficit. magnetic field source was fixed. First, the position of each cross of the lattice measured with this system was compared with the actual coordinates to check the precision of the position data from the digitizer. Second, the direction of the probe was varied with its tip fixed, to check the error due to the drift of orientation angle data. The 3-D digitizer in this system was subject to interference by the conductors due to the induced magnetism. To estimate this influence, we placed several metal pieces or surgical instruments between the fixed source and the sensor, and checked the changes in measured coordinates of the sensor. Finally, a simulation study using a dried skull was performed before the surgical application. Computerized tomography scans of the dried skull with a phantom target inside were taken and stored in the system, and the discrepancy between the target positions measured with this system and those on the CT image was estimated.
Surgical Application
The present navigational system was used in 10 patients undergoing open brain surgery.
Results
System Accuracy
The mean positioning error using the 3-D frame model was 1.7 mm (255 trials). When the probe direction was varied with the tip fixed, the mean error increased to 3.1 mm with the triangle-shaped pointer (86 trials) and to 4.0 mm with the suction tube pointer (166 trials). Among the metals placed between the magnetic source and sensor, iron caused the largest interference, followed by aluminum, brass, duralumin, and stainless steel in decreasing order. In the case of iron, the measured coordinates shifted as much as several centimeters. To reduce the error to less than 1 cm, it was necessary to keep iron at least 40 cm away from the magnetic field source and sensor. Among the surgical instruments, however, only the stainless steel plate for cottonoids was responsible for marked error; other metal instruments such as the bipolar coagulator, suction tubes, spatulas, or Greenberg's retractor did not interfere with the measurement unless they actually touched the magnetic source. The simulation study using dried skull revealed a maximum 4-ram error.
Surgical Application
This system was used during open brain surgery in 10 patients (Table 1 ). The only procedure added at the surgical stage was the reference frame calibration, which took several minutes.
Case 2.
Magnetic resonance imaging revealed a large olfactory groove meningioma, which encased the A2 portion of both anterior cerebral arteries. The tumor was removed piece by piece while monitoring the tip position of the suction tube on which the magnetic field sensor was attached (Fig. 3) . The anterior cerebral arteries were carefully separated from the tumor when this system disclosed that the manipulation was approaching the arteries. The whole tumor was removed successfully with sparing of the arteries. Case 4. Magnetic resonance imaging (Fig. 4) revealed multiple lesions in the corpus callosum and the fight parietal and left frontal regions. The preoperative differential diagnosis included: glioblastoma multiforme, metastatic brain tumor, and malignant lymphoma. An open biopsy of the left frontal subcortical tumor was attempted using the CANS navigator. At craniotomy, the cortical surface showed no gross abnormality and ultrasound echography failed to demonstrate the lesion. A small corticotomy was made, guided by the CANS navigator. At a depth of 7 mm from the cortical surface, a grayish mass, about 1.5 cm in diameter, was encountered and totally excised. The histological diagnosis was glioblastoma multiforme.
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Discussion
This neurosurgical navigational system enabled realtime display of the surgical manipulation site onto the preoperative CT scans or MR images. A small magnetic sensor attached to nonferrous surgical instruments does not interfere with the surgical procedures. Our surgical experience proved that this system was particularly useful in confirming the position of the important blood vessels compromised by neoplasmic lesions, in detecting a small subcortical lesion, and in determining the plane of incision of intraparenchymal lesions with grossly unclear margins.
Headframe System
The direct application of the spatial information obtained at CT or MR imaging to the surgical procedure is a valuable innovation in the neurosurgical field. The tumor was encountered 7 mm deep from the cortical surface and was successfully excised.
however, their application to standard open surgery can impede the operative process. For application of headframe precision to open neurosurgery, Kelly 4 constructed a computer-interactive 400-mm arc-quadrant which directs the operating microscope to the target points. This system seems very beneficial in resecting deep-seated intraparenchymal lesions. Based on similar principles, several arc-quadrant systems have been developed. 2"3~~ With these systems, however, the route of the surgical approach seems limited and installation in the operation room is not easy because of their large scale.
Multi-Joint A rrn-Guided System
The multi-joint arm-guided navigational system l-~ eliminated the need for a headframe by using head markers for reference frame transformation. Similar to our system, its microcomputer converts the coordinates of the CT reference frame to those of the patient's head reference frame. One end of the multi-joint arm is fixed to the skull clamp or the surgical table and the free end of the arm is used as pointing device, which is introduced into the surgical field when required to correlate the surgical field with the preoperative CT images. In this system, however, the long articulated arm can cause considerable inconvenience. Our system has eliminated the arm, and ensures the real-time monitoring of the operative manipulation without restricting conventional open neurosurgery.
CANS Navigator
The simulation study and surgical experience have proved that the error with our navigational system is at present 4 mm. Although Watanabe, et al., ~2 assumed that this type of navigational system with a 5-mm error would be clinically beneficial, we are still attempting to improve our system's accuracy. The factors affecting accuracy include: 1) drift of the 3-D digitizer; 2) electromagnetic noise surrounding the magnetic field source and sensor; and 3) poor spatial precision of the scalp marker in calibrating the head position. We expect that the system error can be decreased to 1 mm by improving the precision of the digitizer, using surgical instruments of titanium alloy or resin, and replacing the scalp markers by cranial screws. 2 Since the precision of navigation does not reach those of conventional headframe systems, we have not used this navigational system for the stereotactic biopsy of tumors or functional neurosurgery. The possibility for using this system for such operations depends on improvement of its accuracy.
As this system indicates the relative position of the probe on the preoperative tomographic images, brain distortion during surgery can cause a problem. This problem, however, may not be serious in dealing with lesions attached to the skull base or during the early stage of craniotomy. Special attention should be paid in interpreting the position of the probe displayed on the system when the brain is retracted, when cerebrospinal fluid is lost, or when a large mass of the tumor is being removed. Several methods have been proposed to evaluate the intraoperative brain distortion, such as placing radiopaque markers around the lesion, simulating the distortion by a finite element method, ~' or using the system in combination with real-time echography? Intraoperative CT scanning 7 will add further data as to brain distortion during various stages of surgery. In the near future, we hope not only to improve the accuracy of this neurosurgical navigational system, but also to combine a functional-anatomical database more closely with the surgical procedure to develop safe and precise computer-assisted neurosurgery.
